Copper absorption was determined by using 65Cu, a stable isotope of copper, in pregnant and nonpregnant women who were confined to a metabolic unit for 21 or 42 days. Absorption and retention of copper were determined from two diets. One diet was comprised primarily of animal protein sources and the other of plant protein sources. The percentage of absorbed copper from the animal protein diet was higher than from the plant protein diet. Copper absorption from the animal protein diet averaged 41.2 and 42.2% in nonpregnant and pregnant women, respec tively. Copper absorption from the plant protein diet averaged 33.8% in nonpregnant women and 40.7% in pregnant women. The plant protein diet contained more copper and therefore the absolute amount absorbed was greater from the plant protein diet. The results suggest that either the level of dietary copper or a component of the diet may have an effect on copper absorption. Copper absorption from both diets tended to be higher in pregnant than in nonpregnant women, but the difference was signifi cant only with the plant protein diet. The levels of copper fed in this study, 1.44 and 2.53 mg per day from the animal and plant protein diets, respectively, were sufficient to result in positive balance in all subjects. The amount of copper retained by preg nant women appeared adequate to provide for the increased requirements of preg nancy.
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The two stable isotopes of copper, 63Cu stable isotope studies of the effects of pregand 85Cu, are relatively abundant in nature; nancy or dietary copper sources on copper 85Cu, the rarest of the two, comprises absorption have not been reported previous-30.91% of the total naturally occurring ly. Prior to the development of stable isotope copper. Due to the high natural background methods copper absorption could not be of 65Cu, a sensitive and precise analytical studied in pregnant women. While radiomethod is required to detect differences in isotopes have been used in a few copper ab-absorption between individuals or groups. sorption studies (4), they cannot be used in pregnant women due to exposure to radioactivity. In addition, all radioisotopes of MÂ® Â£Â£ *â€¢"*"*"*'"Â» -N"Â«Â«""-"~'Â«dÂ«-PÂ«"**Â«Â«Â« *> Excellent analytical precision and accuracy can be obtained with magnetic sector, thermal ionization mass spectrometry (5), the method used by our laboratory for 65Cu determinations.
Balance techniques have been used to determine apparent copper absorption or retention (6, 7) , but errors inherent in balance techniques limit their value when used alone (8) .
In the study reported here, copper ab sorption and retention were determined from two diets in pregnant and nonpregnant women. One diet was made primarily from animal sources of copper and the other primarily plant sources. Absorption was determined from the difference between the intake and fecal excretion of stable 85Cu; re tention was determined by the standard balance technique (6).
METHODS
Subjects. Ten pregnant (P) and six nonpregnant (NP) women between the ages of 19 and 31 years participated in this study, conducted in conjunction with a study on the utilization of dietary zinc during preg nancy (9) . Nonpregnant subjects lived in the metabolic unit for 42 days and consumed two different diets for 21 days each. Preg nant subjects lived in the metabolic unit for 21 days and consumed one of the diets. All subjects were healthy and of normal height and weight. All pregnant women were in the last half of pregnancy. Prestudy daily copper intake, calculated (10) from 7-day diet records, averaged 2.1 mg for nonpregnant women ranging from 1.7 to 3.0 mg, and averaged 3.0 mg for pregnant women, ranging from 1.7 to 4.9 mg.
The study was conducted in compliance with Department of Health and Human Services guidelines. All procedures were re viewed and approved by the University of California, Berkeley, Committee on the Pro tection of Human Subjects, and a consent form was signed prior to initiation of the study.
Diets. The two diets were made from blenderized foods that were combined into soup formulas and a milk formula (9) . Sub jects were fed four meals per day. In one diet (diet A) approximately 70% of the protein was from animal products and 30% was from plant sources. In the other diet (diet B) the proportions were reversed. The animal protein sources included beef, turkey and milk. The main plant protein sources were lentils, kidney beans and wheat products. Four of the nonpregnant women consumed diet A for 21 days, followed by diet B for 21 days. The other two nonpregnant subjects consumed diet B first, followed by diet A. Six of the pregnant subjects consumed diet A for 21 days and four consumed diet B. The nutrient content of the diets were deter mined by a commercial laboratory, with the exception of minerals and protein, which were determined in our laboratory. Diets were nutritionally adequate, after supple mental vitamin B-6 and iron were added to diet A. The animal protein diet contained 1.44 mg of copper, 16 mg zinc, 99 g protein, 0.9 g phytate and 19.8 g neutral detergent fiber per day. The plant protein diet con tained 2.53 mg copper, 16 mg zinc, 93 g pro tein, 1.9 g phytate and 34.1 g neutral deter gent fiber. The copper in both diets was con tributed primarily by the protein sources.
On day 6 of each metabolic period, 3 mg of 65Cu was added to the diet. The 65Cu was purchased as CuO (Oakridge National Laboratory) and contained 99.69% 65Cu. It was dissolved in l N HC1 and diluted so that 20 ml of solution contained 3 mg of 85Cu. The solution also contained a stable isotope of zinc under study at the same time (9) . Five milliliters of isotope solution was added to the soup formula at all four meals on day 6, resulting in total copper intake on the day of the isotope feeding of 4.44 or 5.53 mg in diets A and B, respectively. Polyethylene glycol (PEG), a fecal marker, was also fed with the stable isotope Results of PEG analysis (1) were used to indicate when all of the unabsorbed diet of day 6 had passed through the gastrointestinal tract.
Analysis. Feces and urine were collected for 12 days beginning on the day of the isotope feeding. After the fecal collections were homogenized in 3-day pools -as de scribed previously (10), four pools were combined for 85Cu and total copper analy sis. Twenty-four hour urine collections were combined into 3-day pools for copper analy sis. Composites of all items of the diet were homogenized prior to sampling for copper analysis. Total fecal copper was determined on four replicates of each 12-day pool by flame atomic absorption spectrophotometry (Perkin-Elmer model 206, Perkin-Elmer Corp., Norwalk, CT) after samples were ashed in a low temperature asher (6) . Urinary and dietary copper were deter mined following ashing by using an atomic absorption spectrophotometer with a heat ed graphite atomizer (Perkin-Elmer models 380, 2200). Magnetic sector, thermal ionization mass spectrometry was used to deter mine 83Cu:85Cuisotopie ratios, as previously described (1). Briefly, copper was first puri fied and separated from ashed fecal samples by aniÃ³nexchange chromatography. Copper solutions were concentrated, applied to a tungsten filament, and inserted into the mass spectrometer. A rhenium ionizing fila ment was used. Ten e3Cu:85Cu ratios mea surements were made for each sample. The fraction of the enriched isotope feeding eliminated in the feces was calculated from total copper in the 12-day fecal pool and 83Cu:85Cu ratios by using the formulas pre viously reported (1) . The method of stan dard additions was used as a check to elim inate the possibility of systematic bias in total copper determinations. The amount of isotope eliminated was subtracted from the amount fed to determine copper absorption.
Balance measurements were made over a 12-day period. Copper retention was deter mined by subtracting the total of 12-day fecal and urinary copper from the total amount of copper in the diet between day 6 and 17 inclusive, plus the amount of isotope fed.
Statistical analyses. Analysis of variance (ANOVA) was used to determine the effects of pregnancy and diet on copper absorption, retention, urinary and fecal copper. Twoway ANOVA was used to determine the ef fect of diet and subject in the nonpregnant women, who consumed both diets. One-way ANOVA was used separately to determine the effect of diet in pregnant women, then separately for diets comparing pregnant and nonpregnant women. Effects were consid ered significant only if P < 0.05.
RESULTS
The percentage and the amount of copper absorbed, determined using 85Cu, are re ported in table 1. Dietary copper intake, 12-day fecal and urinary copper, and daily copper retention are reported in table 2. Group means and standard errors are given in table 3 . Results of analysis of variance are shown in table 4. One pregnant subject consuming the meat-based diet left the study early, before collections were complete. All data from one nonpregnant subject suggested consumption of the diet was incomplete. The data from these two subjects are not included giving a final sample of nine pregnant and five nonpregnant women.
The nonpregnant women, who consumed both diets, absorbed 41.2% of the copper when the animal protein diet was fed, sig nificantly higher (P < 0.01) than 33.8% ab sorption when the plant protein diet was fed. However, the plant protein diet con tained more copper, and the amount of cop per absorbed from this diet was more, 0.85 versus 0.59 mg/day, as shown in table 1. In pregnant women copper absorption aver aged 42.2% from the animal protein diet and tended to be slightly higher than ab sorption of 40.7% from the plant protein diet, but the means were not statistically different. About 1.0 mg copper was ab sorbed from the plant diet and 0.61 mg from the animal diet. Both the percentage and the amount of copper absorbed from the plant protein diet were significantly higher (P < 0.05) in pregnant than in nonpregnant women, 40.7 versus 33.8% and 1.03 versus 0.85 mg/day, respectively. Pregnant women also tended to absorb more copper from the animal pro tein diet than nonpregnant women, 42.2 versus 41.2%, but the difference in absorp tion was not statistically significant. Ab sorption was nearly three times more vari able in pregnant women (C.V. = 5.8%) than nonpregnant women (C.V. = 2.1%), but was not correlated to the length of gestation.
When total fecal copper from balance data was used to calculate apparent copper absorption, it appeared lower than when stable isotope data were used (table 2). Ap parent copper absorption from balance data in nonpregnant subjects was 21.3 Â±4.4% (mean Â±SEM) from diet A and 27.5 Â±3.7% from diet B; in pregnant subjects apparent absorption was 20.6 Â±2.4% from diet A and 30.4 Â±1.0% from diet B. The lower apparent absorption results from ex cretion of endogenous copper into the gas trointestinal tract, which is eliminated with unabsorbed dietary copper. Endogenous copper cannot be differentiated from unab sorbed dietary copper in the total fecal cop per measurement, whereas the use of stable isotopes as labels makes it possible to differ entiate between endogenous and dietary copper. However, since endogenous copper containes 30% 65Cu, a high degree of analytical precision is required to accurately measure the change in the 63Cu:85Cu ratio resulting from the enriched dietary 65Cu.
Total fecal copper was significantly higher from the plant protein diet, which contained more copper, than from the ani mal protein diet (P < 0.001) (table 2). Total urinary copper ranged from 8 to 18 /tg/day and did not differ between groups. Despite higher levels of fecal copper from the plant protein diet, copper retention was greater from this diet in both pregnant and nonpregnant women (P < 0.01). There were no significant differences between pregnant and nonpregnant women in fecal copper, urinary copper or copper retention. Mean copper retention from the animal protein diet was 0.36 and 0.35 mg/day in nonpreg nant and pregnant women, respectively. Mean retention from the plant protein diet was 0.76 and 0.85 mg/day.
DISCUSSION
Apparent copper absorption of the wom en in this study based on 65Cu data (34-42%) was somewhat higher than ap parent copper absorption in elderly men studied in our metabolic unit. The elderly men absorbed approximately 25% of the copper from the diets (1), as did men studied by Bush et al. (4) . However, the subjects in this study consumed blenderized food diets, whereas the elderly men consumed semipurified diets with an egg albumen protein source and a higher level of dietary copper, 3 mg/day throughout the study, supplied as CuSO4. In this study copper absorption was lower than that determined in young wom en by our using neutron activation analysis, however (2) . Absorption-determined neu tron activation analysis was considerably more variable in that study than in this study, which used thermal ionization mass spectrometry.
True copper absorption is higher than ap parent copper absorption measured by using e5Cu, since some of the absorbed isotope is excreted into the gastrointestinal tract and eliminated. Cartwright and Wintrobe ad ministered MCu, a radioisotope of copper, intravenously and recovered 9-16% of the isotope in feces after 12 days (12). Therefore, if our absorption data are adjusted to reflect an average of 12% of the absorbed amount excreted and eliminated, true absorption would average from 38 to 48% in the dif ferent groups of subjects. If the rate of excre tion of absorbed copper is higher than esti mated by Cartwright and Wintrobe (12) , true absorption would be higher. In addiat USDA, National Agricultural Library on August 6, 2007 jn.nutrition.org Downloaded from tion, the stable isotope of copper was added to dietary copper, resulting in higher dietary copper intake on the day of the isotope feed ing. Higher levels of dietary iron result in a smaller fraction of the iron absorbed (13). The effect of the level of dietary copper on copper absorption has not been studied with isotopes of copper. However, if the level of dietary copper affects copper absorption, as is suggested from the results of this study, a larger fraction would be absorbed when the diet was fed without added isotope.
The 95Cu was added to the diets as an ex trinsic label, and it was assumed that this copper mixes with the intrinsic copper in the food. Absorption of intrinsic and extrin sic iron labels in diets have been compared and found to be similar (14) , but intrinsic and extrinsic labels of copper have not yet been compared.
The percentage of copper absorbed in this study was higher from the animal protein diet than from the plant diet, but the total amount of copper absorbed was lower. As a result the total copper absorbed when plant protein diets were fed was greater. Further studies are required to determine whether the level of copper in the diet affected ab sorption or whether components of the plant protein diet interfered with absorp tion of copper. Preliminary results from our laboratory of a study of young men suggest neither phytate nor cellulose decrease stable isotope copper absorption (15), but we have not studied the effect of the level of dietary copper on copper absorption. Results of studies by others on the effect of fiber or diet on copper availability in humans have been reviewed by Kelsey (16) . All were balance studies and none used isotopie labels. Re sults were conflicting, even from studies within the same laboratory. Copper bal ances have been reported to improve, re main unchanged, or become negative with increased phytate or fiber. Lack of definitive results from balance studies may be due in part to limitations of balance techniques (8) .
The effect of pregnancy on copper ab sorption was not consistent between the two diets. Copper absorption from both diets tended to be greater by the pregnant sub jects, but the effect was significant only with the plant protein diet. This may be be cause copper absorption varied considerably more in pregnant women than in nonpregnant women and because different pregnant subjects were fed the two diets. Preliminary data from another study suggest there may be individual differences in copper absorp tion (15) .
Copper retention, calculated from bal ance data, confirm that more copper, but a smaller fraction, was retained from the plant protein diet than from the animal pro tein diet. These results are consistent with results of earlier balance studies reviewed by Cartwright (17) in which copper retention increased with higher dietary intake.
No difference in copper retention be tween pregnant and nonpregnant women was observed from balance data. However, balance data were based on collections for only 12 days and probably would be af fected by the level of copper in the diet prior to balance collections. Subjects were on the diet 6 days prior to balance collections and our fecal markers indicated up to 12 days were required for complete elimination of 1 day's diet from the gastrointestinal tract.
The results do suggest however, that preg nancy may result in a small increase in cop per absorption, but the effect of the level or source of dietary copper on copper absorp tion appears to be greater than the effect of pregnancy.
The levels of copper fed in this experi ment, 1.4 and 2.5 mg/day, resulted in copper retention in both pregnant and nonpregnant subjects. While miscellaneous losses of cop per were not determined in this experiment, previous work by our laboratory (6) suggests these losses are low and would not be suffi cient to result in negative balance The small differences in absorption between pregnant and nonpregnant subjects, an average of 4% of the dietary copper, or 0.08 m g from 2 mg of dietary copper, would be sufficient over the course of pregnancy to accumulate 21 mg of copper, a level that is estimated to be sufficient for the fetus and additional pregnancy tissue (18) .
Widdowson estimated that the human fetus contains about 13.7 mg of copper (18) . The human infant contains a proportionally higher copper content than adults due to the at USDA, National Agricultural Library on August 6, 2007 jn.nutrition.org Downloaded from high content of copper in the liver of in fants. Copper concentration of placenta, amniotic fluid, increased maternal tissue and blood volume are lower than infant levels and would increase the copper re quired for pregnancy products to approxi mately 20 mg or 75 /tg/day over the course of pregnancy. The small increase in the amount of copper which must be absorbed to supply the needed copper for pregnancy suggests that if copper absorption does in crease in pregnancy, as suggested in this study, little change of dietary copper intake would be required for pregnant women. In addition lack of menstrual copper losses estimated to average 0.26 mg per period (19) would result in an added 2-3 mg of copper available for the requirements of pregnancy.
While results of this study are inconclu sive, due to the small number of women studied and differences in the copper con centration of the two diets, the data suggest that copper absorption may increase with the added needs of pregnancy. This increase could supply most of the additional copper needed during pregnancy.
